ABSTRACT
INTRODUCTION

73
Excessive consumption of alcohol (ethanol) remains a major societal issue and 74 detrimentally impacts all homeostatic systems (e.g., hormonal, nervous and immune) and a 75 diverse array of tissues. While the effect of alcohol on cardiovascular mortality is J-shaped, with 76 relatively low-to moderate-consumption potentially having beneficial effects (8), excessive 77 alcohol intake of long duration has well recognized deleterious effects on the heart (44). When 78 the excessive alcohol consumption is longstanding, a non-ischemic cardiomyopathy develops 79 which is referred to as alcoholic cardiomyopathy (59) . While the etiology of this distinct disease 80 entity is poorly understood, it is most certainly influenced by both genetic and environmental 81 components (13, 33) and is more symptomatic in individuals where alcohol consumption is 82 increased with regard to amount and duration (71). Gender may also be a factor as women 83 develop an asymptomatic form of alcoholic cardiomyopathy with a lower total lifetime 84 consumption of alcohol (12, 70) . In contrast, alcohol-induced myocardial dysfunction appears 85 more severe in male compared to female rats (14, 15) and gender-related differences in cardiac 86 morphology and function have been noted in aged versus adult animals (16). Currently, the 87 overwhelming majority of studies on alcohol-induced changes in heart have been performed in 88 males, thereby potentially limiting our understanding of disease etiology. Moreover, essentially 89 all studies have used relatively juvenile rats, with little consideration given to age. This is 90 potentially important because aging renders the heart more susceptible to various types of 91 ischemic stresses (27, 39) 
in addition to impairing various aspects of basal myocardial function 92 (38). 93
Chronic alcohol consumption and acute alcohol intoxication decrease myocardial protein 94 synthesis in male rats and these alcohol-induced changes in protein homeostasis are 95 associated with impaired cardiac function (14, 35, 41, 75) . The reduction in cardiac protein 96 synthesis by alcohol is mediated at least in part by a decreased kinase activity of mTOR 97 (mammalian target of rapamycin), which resides in two multi-protein complexes referred to as 98 mTORC1 and mTORC2. It is mTORC1, transducing signals from growth factors, nutrients and 99 energy status, which predominantly regulates protein synthesis (17). In various catabolic 100 conditions, specific alterations in protein-protein interactions between mTOR, raptor (rapamycin-101 sensitive adaptor protein of mTOR) and other accessory proteins have been implicated for the 102 changes in muscle protein synthesis (30, 31, 36, 47) . Conversely, a change in cardiac mass 103 could also be regulated via alterations in the degradative side of the protein balance equation 104 (60, 82) . In this regard, the content of select target proteins within a tissue can be mediated via 105 changes in the ubiquitin (Ub)-proteasome pathway (UPP). This is the predominant 106 nonlysosomal degradative pathway, requiring both poly-ubiquitination of the target proteins via 107 specific E3 ligases and then their subsequent degradation by the proteasome (9, 49). In striated 108 muscle, the muscle-specific E3 ligases atrogin-1 /Muscle Atrophy F-box (MAFbx) and MuRF1 109 (muscle RING-finger protein-1) appear to regulate protein degradation (2, 4, 21) . In cardiac 110 muscle, both ligases also appear to be critical to regulating cardiomyocyte size and heart 111 muscle mass (2, 29, 50, 79) . However, the potential role of these E3 ligases in particular and 112 protein breakdown in general in the etiology of alcoholic cardiomyopathy have not been 113 assessed. Therefore, the purpose of the present study was to determine whether changes in 114 myocardial protein balance, both protein synthesis and degradation, and cardiac function which 115 might be produced by long-term alcohol consumption would differ between adult and aged 116 female rats. 117
118
MATERIALS AND METHODS
119
Animal protocol. Specific pathogen free adult (4 month) and aged (18 month) female 120
Fischer 344 (F344) rats were purchased from the NIA colony at Taconic (Hudson, NY). Rats 121 were housed under constant environment conditions and received standard rat chow (LabDiet 122 5001; PMI Nutrition International, St. Louis, MO) and water ad libitum for at least 1 wk. Rats 123 were then randomized to either an alcohol-fed or control group. Each group was maintained for 124 20 wks on the Lieber-DeCarli liquid diet (Bio-Serv, Frenchtown, NJ). Rats consuming the 125 ethanol-containing diet initially received 12% of total calories from ethanol and this percentage 126 was increased weekly by 12% till a maximum of 36% of caloric intake from alcohol was 127 achieved. Time-matched pair-fed control animals received a liquid diet where maltose-dextran 128 was isocalorically substituted for alcohol (67). Consumption of the liquid diet was assessed daily 129 and animals were weighed weekly. This duration of alcohol feeding leads to skeletal muscle 130 wasting and alterations in muscle protein balance in both male and female rats (15, 61, 72, 73, 131 77). All experiments described herein were approved by the Institutional Animal Care and Use 132
Committee of the Pennsylvania State University and adhered to the National Institutes of Health 133 (NIH) guidelines for the use of experimental animals. 134
Cardiac protein synthesis. In vivo-determined myocardial protein synthesis was 135
quantified between 0800 and 1000 hours in randomized control and alcohol-fed rats using the 136 flooding-dose technique, exactly as described (76). As food was removed at approximately 137 0500 hours, synthesis was determined 3-5 hours after food withdrawal. The carotid artery was 138 catheterized for collection of blood and a bolus injection of L- [2, 3, 4, 5, H]phenylalanine (Phe; 139 150 mM, 30 μCi/ml; 1 ml/100 g body weight [BW] ) was injected percutaneously via the jugular 140 vein. Serial arterial blood samples were collected before and after Phe injection for HPLC 141 measurement of Phe concentration and radioactivity. The heart (right and left ventricle only) was 142 excised and a portion freeze-clamped with the remaining muscle being homogenized. All 143 plasma and heart samples were stored at −80 proteins determined as previously described (41, 42, 72, 73, 78) . 146
Estimates of protein degradation. Heart was homogenized in lysis buffer containing 147 (in mM) 25 HEPES, 5 MgCl 2 , 5 EDTA, 5 DTT, pH 7.5 at 4 o C followed by centrifugation (48) . 148
The proteasome enzymatic activity was measured by using a proteasome 20S assay kit (Enzo 149
Life Sciences, Farmingdale, New York) as described (36). Proteasome 20S activity was 150 determined by measuring the hydrolysis of a fluorogenic peptidyl substrate Suc-Leu-Leu-Val-151
Tyr-AMC (AMC: 7-amino-4-methylcoumarin) and the subsequently released free AMC was 152 detected using a fluorometer. The change in fluorescence signal was normalized to the amount 153 of protein (BCA Protein Assay Kit, Pierce, Rockford, IL). Addition of the highly specific 20S 154 proteasome inhibitor MG132 (Boston Biochem, Cambridge, MA) was used to account for any 155 nonproteasomal degradation. Real-time quantitative PCR was used to quantitate the mRNA 156 content of atrogin-1 and MuRF1 (4, 21), as outlined below. 157
Real-time quantitative PCR. Total RNA was extracted from heart using Tri-reagent 158 Western blotting and immunoprecipitation. Heart was homogenized in ice-cold 170 homogenization buffer consisting of (in mmol/L) 20 HEPES (pH 7.4), 2 EGTA, 50 sodium 171 fluoride, 100 potassium chloride, 0.2 EDTA, 50 β-glycerophosphate, 1 DTT, 0.1 172 phenylmethane-sulphonylfluoride, 1 benzamidine, and 0.5 sodium vanadate and clarified by 173 centrifugation, exactly as described (30, 31, 45, 48) . Equal amounts of protein per sample were 174 subjected to SDS-PAGE for total and phosphorylated ribosomal protein S6 kinase-1 (S6K1; 175 Thr389), S6 (S240/244) and eukaryotic initiation factor 4E binding protein-1 (4E-BP1; Ser65; 176 Bethyl Laboratories, Montgomery, TX). In addition, total and Thr246-phosphorylated PRAS40 177 (proline-rich Akt substrate 40), total and Ser792-phosphorylated Raptor, total and Thr172-178 phosphorylated 5'-AMP-activated kinase (AMPKα), total and phosphorylated Akt (both Thr308 179 and Ser473), total and phosphorylated (Thr32) forkhead transcription factor (FOXO)-3 as well 180
as total GβL (G-protein β-subunit-like protein/mLST8), Deptor (also known as DEP domain 181 containing 6; DEPCD), REDD1 (regulated in development and DNA damage responses; 182
Millipore, Billerica, MA) and eIF3f (Abcam, Cambridge, MA) were also determined by Western 183 analysis. To assess autophagy, Western analysis was performed using antibodies against 184 LC3B, beclin-1, Atg7 and Atg12. Additionally, α-tubulin or eIF4E where used, were appropriate, 185 as loading controls. Unless otherwise indicated, antibodies were obtained from Cell Signaling 186 (Beverly, MA). Blots were developed with enhanced chemiluminescence (ECL) Western blotting 187 reagents and then exposed to X-ray film in a cassette equipped with a DuPont Lightning Plus 188 intensifying screen. The film was scanned (Microtek ScanMaker IV) and analyzed using NIH 189 Image 1.6 software. 190
The eIF4E•eIF4G complexes were quantified as described (40, 42) . Briefly, eIF4E was 191 immunoprecipitated from aliquots of supernatants using an anti-eIF4E monoclonal antibody. 192
Antibody-antigen complexes were collected using magnetic beads, subjected to 193 and finally transferred to a PVDF membrane. Blots were incubated with a mouse anti-human 194 eIF4E antibody, rabbit anti-rat 4E-BP1 antibody, or rabbit anti-eIF4G antibody. Also, to 195 investigate protein-protein interactions within mTORC1, fresh muscle was also homogenized in 196 CHAPS buffer (pH 7.5) composed of (in mM): 40 HEPES, 120 NaCl, 1 EDTA, 10 197 pyrophosphate, 10 β-glycerophosphate, 50 NaF, 1.5 sodium vanadate, 0.3% CHAPS and 1 198 protease inhibitor cocktail tablet (31, 47). The homogenate was clarified by centrifugation and 199 an aliquot of the supernatant was combined with either anti-Raptor or anti-eIF3f antibody, and 200 immune complexes were isolated with goat anti-rabbit BioMag IgG (PerSeptive Diagnostics, 201
Boston, MA) beads. The beads were collected, washed with CHAPS buffer, precipitated by 202 centrifugation and subjected to SDS-PAGE as described above. All blots were then developed 203 with ECL and the autoradiographs were quantified as above. 
RESULTS
222
Cardiac structure and function. There was no significant difference for any endpoint 223 assessed by echocardiography between adult rats fed the control and alcohol-containing diet 224 (Table 1 , columns 1 and 2). Likewise, echocardiographic-assessed endpoints for cardiac 225 structure and function did not differ between adult and aged rats fed the control diet (Table 1 , 226 columns 1 and 3), although left ventricular diastolic volume (LVDV) and LV diastolic dimension 227 (LVDd) tended (P = 0.08-0.09) to be increased in aged, compared to adult, control-fed rats 228 (Table 1) . While the ventricle (right + left) mass was increased in control-fed aged rats, 229 compared to adult animals, this increase was proportional to the increased body weight (BW); 230 as a result the ventricular mass/BW ratio did not differ between adult and aged control-fed rats. 231
In contrast, LV dysfunction was observed in alcohol-fed aged rats (Table 1, 
columns 3 and 4). 232
For example, selected endpoints related to myocardial function were decreased in alcohol-fed 233 aged rats including: stroke volume (SV; -30%), LVDV (-43%) and the percent ejection fraction 234 (EF%; -30%). Similarly, alcohol-fed aged rats had decreased ventricular mass (-29%), LVDd (-235 45%), posterior wall thickness during diastole (PWTd; -45%), posterior wall thickness during 236 systole (PWTs; -58%) and percent fractional shortening (FS%; -43%), suggesting altered 237 myocardial structure. 238
Protein synthesis and mTOR regulation. As with the echocardiography data 239 described above, there were few if any significant differences for the various metabolic 240 endpoints assessed for either: a) control-fed versus alcohol-fed adult rats and b) adult versus 241 aged control-fed rats. Hence, this section and the Discussion primarily focus on describing the 242 significant changes detected in alcohol-fed aged rats. 243
In vivo-determined myocardial protein synthesis was reduced 30% in alcohol-fed aged 244
rats, compared to all other groups (Figure 1 ). This reduction in global protein synthesis resulted 245 from a coordinate alcohol-induced decrease in the synthesis of both myofibrillar and 246 sarcoplasmic proteins (~30% and 40%, respectively). 247 Figure 2 illustrates that T389-phosphorylated S6K1 and S65-phosphorylated 4E-BP1, 248 known downstream substrates of mTOR (17)were both reduced > 50% in hearts from alcohol-249 fed aged rats. Phosphorylation of the ribosomal protein S6, an endogenous substrate for S6K1, 250 was also decreased in these hearts (Figure 3) . The alcohol-induced decrease in 4E-BP1 251 phosphorylation would be expected to impair cap-dependent translation by shifting the 252 distribution of eIF4E between the active eIF4G•eIF4E to the inactive 4EBP1•eIF4E cap-binding 253 complex (24). Consistent with the decreased 4E-BP1 phosphorylation, there was a 70% 254 reduction in the binding of eIF4G to eIF4E in hearts from alcohol-fed aged rats (Figure 3) , 255 although the total amount of eIF4 did not differ. 256 mTOR complex 1 (mTORC1) consists of the major scaffolding protein Raptor as well as 257
GβL, PRAS40 and Deptor (17) . In this regard, neither age nor alcohol altered the cardiac 258 content of mTOR, Raptor, GβL, PRAS40 or Deptor (Figure 4) . Raptor functions as a scaffold 259 protein recruiting substrates to mTORC1 (25). When Raptor was immunoprecipitated and 260 mTOR immunoblotted, the extent of mTOR•Raptor binding in heart was increased in adult 261 alcohol-fed rats and tended to be elevated in alcohol-fed aged animals ( Figure 4 ). However, 262 there was no increase in the binding of Deptor, a known negative regulator of mTOR, to Raptor 263 in the immunoprecipitated (Figure 4) . 264
The total amount of eIF3f, which is essential for the formation of a functional pre-265 initiation complex, was decreased more than 50% in alcohol-fed age rats, compared to all other 266 groups ( Figure 5) . Furthermore, when an equal amount of eIF3 was immunoprecipitated from 267 hearts in each group, there was a decreased formation of both the eIF3•Raptor complex and 268 eIF3•eIF4G complex in aged rats consuming alcohol ( Figure 5) . 269 Protein breakdown. Compared to adult control-fed rats, hearts from aged control-fed 270 animals demonstrated a small, albeit statistically significant reduction in both atrogin-1 and 271
MuRF1 mRNA content ( Figure 6 ). Furthermore, this age-related decrease was associated with 272 a coordinate decrease in in vitro-determined proteasome activity (Figure 6 ). In contrast, 273 proteasome activity was increased ~40% in hearts from alcohol consuming aged rats, 274 compared to adult rats ( Figure 6 ). Likewise, the myocardial mRNA content for both atrogin-1 275 and MuRF1 was increased in alcohol-fed aged rats (approximately 6-fold and 2-fold, 276 respectively) ( Figure 6 ). 277
Alcohol consumption appeared to increase autophagy signaling in both adult and aged 278 rats ( Figure 7 ). For example, both the cytosolic form of LC3B-I and the lipidated membrane-279 bound isoform LC3B-II were increased to the same extent by alcohol consumption. However, as 280 a result of these coordinate changes, the LC3B-II/-I ratio did not differ between groups. The 281 Atg7 protein, which initiates the conjugation of Atg12 to Atg5 and LC3B to 282 phosphatidylethanolamine, was increased by alcohol feeding in adult rats and further increased 283 in aged rats consuming alcohol. However, Atg12 was only increased in alcohol-fed aged rats, 284 compared to all other groups. In contradistinction, Beclin-1 content was not altered by either age 285 and/or alcohol consumption in female rats. 286
Potential regulators of protein synthesis and degradation. The Thr172-287 phosphorylation of AMPK was increased 40% in hearts from alcohol-fed adult rats, but a 3-fold 288 increase was observed in aged rats fed alcohol (Figure 8 ). In general, this alcohol-induced 289 change in AMPK phosphorylation was consistent with the increased phosphorylation of LKB1, 290 the up-stream activator of AMP (data not shown). Although the phosphorylation of Raptor on 291
Ser792 is AMPK-dependent (23), only alcohol-fed aged rats had a significant increase in Raptor 292 phosphorylation (Figure 8 ). Finally, REDD1 is a stress-response gene activated by AMPK (11) 293 and was increased more than 3-fold in hearts from alcohol-fed adult rats and 6-fold in alcohol-294 fed aged rats (Figure 8) . 295
There was no significant difference in Thr308-or S473-phosphorylation of Akt, a positive 296 regulator of mTORC1 and a negative regulator of proteolysis (18), among the four experimental 297 groups (data not shown). Similarly, the phosphorylation of a downstream substrate for Akt, 298 PRAS40, also did not differ between groups (data not shown). Phosphorylation of FOXO 299 proteins can inhibit atrogin-1 and MuRF1 expression in a number of experimental systems (81). 300
However, again, no significant alcohol-and/or age-induced change in myocardial FOXO3 301 phosphorylation was detected (data not shown). 302 Table 2 presents RT-PCR data indicating that neither chronic alcohol feeding nor aging 303 altered IL-1β or IL-6 mRNA content in heart. TNFα mRNA content was greater in aged 304 compared to adult hearts from control-fed rats. Alcohol feeding increased NOS2 and TNFα 305 mRNA in both adult and aged rats. While the alcohol-induced increase in NOS2 was 306 comparable (3-fold) between adult and aged rats, the TNFα increased was significantly greater 307 in the later group. 308
309
DISCUSSION
310
Multiple lines of evidence indicate alcohol consumption for a period of approximately 12-311 24 wks in male rats reduces myocardial protein synthesis (15, 61, 69, 72, 73, 75, 77) . This 312 alcohol-induced decrement is in part mTOR-dependent as demonstrated by the reduced 313 phosphorylation of mTOR, S6K1, S6, eIF4G and 4E-BP1, the latter of which is responsible for 314 the observed reduction in the assembly of the active eIF4E•eIF4G cap-binding complex (72, 73, 315 77). These protein metabolic effects are also associated with a cardiac dysfunction after longer 316 periods of alcohol consumption (14, 35, 64, 66) . However, in our current study, alcohol feeding 317 for 20 wks did not alter the rate of global, myofibrillar or sarcoplasmic protein synthesis in 318 female F344 rats. Furthermore, cardiac function assessed by echocardiography was also not 319 consistently altered in adult alcohol-fed female rats. These data are consistent with those 320 previously reported in adult female Sprague-Dawley rats by Vary et al (75) , but contrast with 321 those in humans where women appear to be more sensitive to the toxic effects of alcohol (70). It 322 is noteworthy, that such data do not exclude the possibility that alcohol decreased (or even 323 increased) the synthesis of specific relatively low abundance proteins in heart (14, 15). As the 324 focus of the current study was on the interaction of alcohol and aging, the underlying 325 mechanism for this sexual dimorphic response in cardiac protein metabolism to alcohol was not 326 further investigated. However, sexual dimorphic cardiovascular differences are observed under 327 a many physiological and pathophysiological conditions (57). While independent lines of 328 evidence suggest estrogen regulates a diverse array of important cardiovascular sex 329 differences, progesterone, androgens and other hormones (e.g., renin-angiotensin) may also 330 influence heart and vascular function. Moreover, there is a growing literature suggesting that 331 estrogen in particular can mediate sex differences in cardiovascular function via both nuclear 332 estrogen receptor (ER)-α and -β as well as via membrane-associated ERs including G protein-333 coupled estrogen receptor 1 (GPER) (1). The relative importance of these receptors and 334 individual signal transduction pathways as the cellular basis for the cardiovascular sex 335 differences to alcohol will require additional research using established approaches (54). 336
Cardiac dysfunction is also a common manifestation of aging in humans and rats (38). 337
However, in the current study, the effect of aging per se on myocardial structure, function and 338 protein metabolism under basal conditions in female F344 rats was nominal. These data differ 339 from those reported by Boluyt et al (5) in which female F344 rats showed a more marked age-340 associated increase in LV end-diastolic and end-systolic volume and dimension, and decrease 341 in fractional shortening and ejection fraction. There are two major differences between this and 342 the current study. First, in Boluyt et al (5), changes were detected when aged rats were 343 compared to 4-month old animals, whereas our comparison group of adult rats were 4 months 344 of age when placed on the alcohol-containing diet but 8 months of age when cardiovascular and 345 metabolic endpoints were assessed. Moreover, the cardiac dysfunction noted by Boluyt et al (5) 346 was more pronounced at 30 months compared to 22 months, the time point used in our current 347 study. Hence, the conclusion reached may depend not only on the absolute age of the old 348 animals, but also on the age of the adult rats to which they are compared. Second, we cannot 349 exclude the possibility that differences in dietary composition between studies may impact age-350 associated changes. Whereas both studies provided a diet with the same protein content 351 (~28%), rats in the Boluyt study received ~13% of their total calories from fat (via traditional 352 rodent chow) while our rats were fed a nutritionally complete liquid diet containing ~30% fat. 353
While this relatively high-fat diet is a standard model in alcohol research (51), it may 354 nonetheless modify the response to aging. Hence, our data are more consistent with previous 355 findings in isolated perfused hearts which showed no change in baseline systolic function in the 356 aged rat (28). 357
Likewise, our assessment of in vivo-determined cardiac protein synthesis revealed no 358 difference between adult versus aged rats fed the control diet. These results are internally 359 consistent with the lack of change in the phosphorylation state of various proteins both up-and 360 down-stream of mTOR. These data are also consistent with reports indicating cardiac protein 361 synthesis did not differ in either male F344 or Sprague-Dawley rats which were the same age as 362 those used in the current study (3, 20) , but do differ from the decreased myocardial protein 363 synthesis observed in other studies (10). In contrast, an age-related decreased in vitro-364 determined proteasome activity was detected in control-fed rats. Although such a decrement 365 has been previously reported (6, 32), this is the first report of a coordinated age-related 366 decrease in both atrogin-1 and MuRF1 expression in cardiac tissue. 367
Based on the reduced tolerance of hearts from aged animals to stress conditions, such 368 as inflammation, ischemia/reperfusion and hypoxia, (39, 52, 55, 65), we hypothesized that 369 chronic alcohol ingestion would exacerbate age-related changes in myocardial structure, 370 function and protein balance. Indeed, hearts from alcohol-fed aged rats exhibited a relative 371 atrophy, as evidenced by the reduced LV mass and posterior wall thickness, compared to 372 control-fed rats of the same age. Myocardial dysfunction in these rats was evidenced by the 373 reduced SV, CI, LV diastolic volume, EF% and FS%. These structural and functional changes in 374 alcohol-fed rats were associated with decreases in protein synthesis and increases in protein 375 degradation, changes not detected in response to either aging or alcohol consumption alone. 376
Although we interpret these data to suggest hearts from aged rats have an increased sensitivity 377 or reduced tolerance to the deleterious cardiac effects of chronic alcohol consumption, similar to 378 that seen in response to other stressors, such a conclusion is not equivocal because of the 379 nominal changes produced by either aging or alcohol alone. Alternatively, it is possible the 380 current data indicate the interaction of alcohol and aging in female rats induces specific effects 381 not produced by either variable alone. 382
Atrogin-1 and MuRF1 are ubiquitin E3 ligases which are coordinately up-regulated in 383 many catabolic conditions, and the involvement of these "atrogenes" and the UPP in regulating 384 protein degradation in striated muscle is clearly established (4, 21, 37, 46, 48) . While alcohol 385 has been reported to increase these ligases in skeletal muscle (58, 74) , no data are available 386 regarding cardiac atrogene expression in response to alcohol feeding. Ubiquitin ligases confer 387 specificity to the system by the selective ubiquitination of target proteins, which are then 388 degraded by the proteasome. For example, cardiac-specific overexpression of atrogin-1 389 antagonizes the development of cardiac hypertrophy towards various stimuli (50). Conversely, 390
MuRF1 is causally related to the cardiac atrophy produced by dexamethasone as well as the 391 regression of pressure overload hypertrophy (29, 79) . In alcohol-fed adult rats both atrogene 392 expression and proteasome activity were unchanged compared to age-matched control-fed rats. 393 However, 20S proteasome activity was decreased in hearts from aged rats, a response 394 previously reported (32), and this associated with a decreased content of atrogin-1 and MuRF1 395 mRNA. In contradistinction, there was a coordinate increase in both proteasome activity and 396 atrogene mRNA content in hearts from alcohol-fed aged rats. Although both atrogin-1 and 397
MuRF1 were increased in these rats, the increment in atrogin-1 predominated. This finding is 398 potentially revealing because the initiation factor eIF3f, which was decreased in hearts from 399 alcohol-fed aged rats, is a known substrate for atrogin-1 and a reduction in eIF3f has been 400 reported in skeletal muscle atrophy (9). Furthermore, the increased mRNA expression of these 401 atrogenes was associated with an overall increase in proteasome activity which would be 402 expected to enhance global myocardial protein degradation. 403
Additionally, autophagy is a survival pathway which contributes to intracellular 404 degradation of protein and organelles permitting cells to maintain energy homeostasis. In the 405 heart, autophagy is activated during various stress conditions, including exposure to TNFα (82). 406
Although this pathway was not investigated in depth, several key regulators of autophagy, such 407 as LC3B-I and -II, Agt7 and Agt12 were increased in hearts from alcohol-fed aged rats. 408
Increased cardiac autophagy has also been reported in alcohol-fed mice (22). The induction of 409 the UPP and autophagy is tightly controlled by a host of regulators and of these the Akt-FoxO 410 signaling pathway is arguably the most important (7, 68, 81) . Inhibition of Akt and 411 dephosphorylation of FOXO leads to nuclear entry and transcription of ubiquitin ligases as well 412 as activation of autophagy. However, this mechanism does not appear operational in the current 413 study as the phosphorylation of both Akt and FoxO3 was unchanged in hearts from alcohol-fed 414 aged rats. AMPK stimulation represents another means to increase atrogin-1 in heart (2), and 415 our current data showing the concomitant phosphorylation of LKB, AMPK and Raptor support 416 the activation of this pathway in hearts of alcohol-fed aged rats. While cardiac autophagy 417 appears increased in alcohol-fed aged rats, it is unclear whether this increase is dependent 418 (either directly or indirectly) on the coordinate decrease in protein synthesis or, alternatively, is a 419 reflection of the extensive and overlapping nature inherent in mTOR signal transduction 420
pathways. 421
Conversely, alcohol consumption by aged rats also decreased myocardial protein 422 synthesis. The reduced phosphorylation of 4E-BP1 and S6K1 is indicative of impaired mTOR 423 kinase activity, which again appears to be Akt-independent. The reduced phosphorylation of 4E-424 BP1 was associated with a decreased formation of the active cap-binding complex 425 eIF4E•eIF4G. Moreover, the total amount of eIF3f, one component of a multi-subunit protein 426 complex which serves as a docking site for the binding of several proteins on the translational 427 machinery (26), was dramatically reduced in hearts from alcohol-fed aged rats. These rats had 428 reduced binding of both Raptor and eIF4G to eIF3, suggesting impaired binding of this complex 429 with mRNA and to the 43S ribosomal complex. While these data suggest a putative mechanism 430 for the decrease in cardiac protein synthesis, no such change in eIF3 content or protein-protein 431 binding were reported in skeletal muscle from alcohol-fed aged rats (36). Hence, the deleterious 432 effects of chronic alcohol consumption on heart and skeletal muscle appear mediated by 433 different cellular mechanisms. As protein synthesis is also inhibited by AMPK activation (63) and 434 increased REDD1 (11), we cannot exclude these possible mechanisms. Finally, altered binding 435 of raptor to mTOR can impair mTOR kinase activity (17). The increased formation of the 436 mTOR•raptor complex in response to alcohol consumption was associated with the decrease in 437 myocardial protein synthesis. Such changes may suggest alcohol impairs mTOR kinase activity 438 by promoting a closed conformation which renders the kinase less active (34). Regardless of 439 the exact mechanism, the alcohol-induced increase in mTOR•raptor binding was comparable 440 between adult and aged rats and therefore an unlikely mechanism for the exaggerated 441 reduction in cardiac protein synthesis in alcohol-fed aged rats. 442
The chronic consumption of alcohol increased cardiac TNFα mRNA regardless of the 443 age of the rat; however, the elevation in TNFα was significantly enhanced in the alcohol-fed 444 aged rats. The effect of alcohol and aging on proinflammatory cytokine expression in heart was 445 not a generalized response as IL-1β and IL-6 mRNAs were not elevated. We also examined 446 NOS2 expression because upregulation of NOS2 and the over-production of nitric oxide have 447 been implicated as causative in the development and/or progression of cardiomyopathy of 448 various etiologies (56), and because TNFα-induced increases in NOS2 also inhibit protein 449 synthesis in striated muscle (19). However, while our data show an alcohol-induced increase in 450 NOS2 mRNA in hearts from both adult and aged rats, NOS2 was not further increased in 451 alcohol-fed aged rats suggesting a limited role of this mediator in the observed functional and 452 metabolic changes. Hence, although this study does not allow us to conclude whether the 453 exaggerated increase in TNFα in alcohol-fed aged rats was causally related to the impaired 454 myocardial protein balance and function observed in these rats, overproduction of TNFα has 455 been reported to decrease protein synthesis (43) as well as increase proteolysis (53) and 456 autophagy (80) in heart. 457
Perspectives and Significance. The data presented in the current study demonstrate 458 an age-dependent vulnerability of the heart with respect to structure, function and protein 459 balance in response to chronic alcohol consumption. Alcohol-fed aged rats had a cardiac 460 atrophy which was associated with an up-regulation of the UPP and autophagy but also a down-461 regulation of protein synthesis. We posit that AMPK activation increases the UPP in general and 462 the E3 ligase atrogin-1 in particular thereby enhancing eIF3f degradation. The reduced protein 463 abundance of this translation initiation factor, alone or in combination with the reduced formation 464 of the eIF4E•eIF4G complex then impairs cap-dependent protein translation and protein 465 synthesis of both sarcoplasmic and myofibrillar proteins. These data provide a contextual 466 framework for the reduced cardiac tolerance to chronic alcohol consumption in aged female 467 F344 rats. It is unknown whether such cardiac defects are also manifested in aged male rats 468 following chronic alcohol ingestion or whether the observed alterations in cardiac function and 469 protein metabolism are gender-specific. Despite differences between the currently used rodent 470 model of chronic alcohol feeding and the sustained abuse of alcohol by humans, the blood 471 alcohol concentration (100-200 mg/dL) achieved in rats and humans is comparable supporting 472 the translational relevance of our observations. While ischemic heart disease is a more 473 prevalent cause of heart damage relatively to alcohol abuse, the later induces a specific type of 474 cardiomyopathy and sheds light on potential mechanisms. Collectively, our data suggest that 475 sustained excessive alcohol consumption by elderly females should be discouraged to reduce 476 the likelihood and/or minimize the development of potentially deleterious changes in cardiac 477 structure, function and metabolism. protein with values from control-fed adult rats set at 100 AUs. Values are means ± SEM, n = 8-9 553 rats per group. Groups with different superscript letters are significantly different from each other 554 (P < 0.05). 555 
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